Zhu PJ, Lovinger DM. Developmental alteration of endocannabinoid retrograde signaling in the hippocampus. J Neurophysiol 103: 1123-1129, 2010. First published December 9, 2009 doi:10.1152/jn.00327.2009. Endocannabinoids are lipid derivatives that mediate paracrine and juxtacrine signaling between cells. In the hippocampal CA1 region, a retrograde endocannabinoid signal suppresses GABA release by acting on presynaptic cannabinoid receptor-1 (CB1) and can be functionally manifested as depolarizationinduced suppression of inhibition (DSI). In the present study, whole cell patch-clamp recordings in hippocampal slices were made to examine DSI in rats from P7-P21. Robust DSI develops in rat hippocampus at postnatal ages greater than two weeks, but only modest DSI is observed in P7-9 rat. DSI in neonatal rats can be enhanced by activation of group I metabotropic glutamate receptors (mGluRs) or muscarinic acetylcholine receptors in those neonatal rats. The DSI is also enhanced by sustained low-frequency (1 Hz) stimulation (5 min). This stimulus-enhanced DSI was prevented in the presence of 6-methyl-2-(phenylethynyl)-pyridine (10 M), a group I mGluR antagonist. WIN55212-2, a synthetic CB1 agonist, produced a similar level of inhibition of GABAergic synaptic transmission at different postnatal time points. Therefore postsynaptic mechanisms appear to be mainly responsible for developmental changes in DSI, although presynaptic mechanisms cannot be ruled out entirely. We have also obtained evidence that tonic endocannabinoid release suppresses GABAergic transmission in the mature but not the neonatal hippocampus. The differential DSI magnitude at different stages of maturation could alter synaptic plasticity and learning and memory during hippocampal development.
I N T R O D U C T I O N
The major psychoactive ingredient of marijuana is ⌬-9-tetrahydrocannabinol (⌬9-THC) (Gaoni and Mechoulan 1971) , which affects synaptic transmission in brain primarily by binding to the G-protein-coupled cannabinoid receptor-1 (CB1) (Matsuda et al. 1990 ). Several endogenous agonists for CB1 receptors (the so-called endocannabinoids) have been identified to date. Among these compounds, the lipid derivatives arachidonylethanolamide (anandamide) and 2-arachidonylglycerol (2-AG) appear to be the best candidates for mediation of endocannabinoid signaling (Devane et al. 1992; Sugiura et al. 1995) .
Exogenous cannabinoids disrupt learning and impair shortterm memory, while endogenous cannabinoids may serve to facilitate memory and synaptic plasticity (Carlson et al. 2002; Marsicano et al. 2002; Sullivan 2000) . In the hippocampus, high levels of CB1 receptors are expressed on the presynaptic terminals of cholecystokinin-positive GABAergic inhibitory interneurons (Herkenham et al. 1990; Katona et al. 1999; Tsou et al. 1999) . At synapses made on CA1 pyramidal neurons by these terminals, endocannabinoids function as rapid retrograde signaling molecules, as exemplified by depolarization-induced suppression of inhibition (DSI) . DSI is initiated by strong postsynaptic activation leading to an increase in intracellular Ca 2ϩ (Lenz et al. 1998 ). This presumably leads to synthesis and release of an endocannabinoid molecule that acts on CB1 receptors on presynaptic GABAergic terminals where DSI is expressed as a decrease in release probability (Morishita and Alger 1997; Ohno-Shosaku et al. 2001; Pitler and Alger 1992; .
The induction and magnitude of DSI can be enhanced by the application of agonists for muscarinic acetylcholine receptors (mAChRs) (Martin and Alger 1999) and metabotropic glutamate receptors (mGluRs) (Varma et al. 2001) . The mGluRdependent DSI enhancement appears to result from activation of postsynaptic group I mGluRs that facilitate endocannabinoid production. Based on these findings, it would stand to reason that intense glutamatergic transmission, in conjunction with postsynaptic depolarization, might lead to especially strong suppression of inhibition.
We have investigated the development of DSI during maturation of rat hippocampus. We observed that DSI produced by depolarization alone becomes more robust after the first 2 wk of postnatal development. This maturation of DSI appears to involve an increase in synthesis or release of endocannabinoids in CA1 pyramidal neurons. Furthermore we have observed that in neonatal rats, mGluR-dependent DSI enhancement can be induced by sustained low-frequency stimulation without the need for agonist application. Such a mechanism may underlie the increase in synthesis or release of endocannabinoids from the postsynaptic neurons during development. In light of the fact that DSI has been proposed as a mechanism for enhancement of induction of longer-lasting forms of plasticity (e.g., longterm potentiation, LTP) (Carlson et al. 2002) , the difference in DSI magnitude at different ages may contribute to developmental changes in the threshold for other forms of synaptic plasticity.
M E T H O D S

Slice preparation and electrophysiology
Transverse hippocampal slices (400 m) were cut from SpragueDawley rat (Charles River or Taconic; P7-P21). Experiments were performed according to guidelines for the care and use of rodents in the intramural research program at the National Institutes of Health, and the experimental procedures were approved by the institutional animal care and use committee of the NIAAA Division of Intramural Clinical and Biological Research. The composition of the external recording buffer was (in mM): 124 NaCl, 3 KCl, 1.3 Mg 2 SO 4 , 2 CaCl 2 , 1.2 NaH 2 PO 4 , 25 NaHCO 3 , 10 glucose, 0.005 NBQX (Tocris), and 0.025 AP5 (Sigma). The external buffer was equilibrated with a 95%-5% mixture of O 2 -CO 2 at room temperature (22-23°C). Slices were maintained in the external buffer for Ն1 h before recording. Patch pipettes had resistances of 4 -6 M after filling with internal solution containing (in mM): 150 CsCl, 10 HEPES, 0.2 BAPTA, 2 MgCl 2 , 3 Mg-ATP, 0.3 GTP, and 5 QX314. All recordings were made at room temperature. The holding potential was Ϫ60 mV in all experiments. Approximately half-maximal monosynaptic GABAergic currents [evoked inhibitory postsynaptic currents (eIPSCs)] were evoked with bipolar electrodes (Teflon-coated platinum-iridium wire, 75 m in diameter with the coating) placed in or near CA1 stratum pyramidale. DSI was tested every 4 min and consisted of 33 stimuli at 0.33 Hz with depolarization from Ϫ60 to 0 mV for 4 s inserted after the seventh stimulus. For DSI analysis, the means of the five eIPSCs evoked just prior to depolarization and the three eIPSCs just after depolarization were used as Amp baseline and Amp test , respectively [DSI magnitude (%) ϭ 100 (1Ϫ Amp test /Amp baseline )].
Pharmacology
Carbachol (IGN Biomedicals), 6-methyl-2-(phenylethynyl)-pyridine (MPEP) and (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3R)-ACPD (Tocris) were dissolved in water. The stock solutions for SR141716 (NIMH chemical synthesis program) and WIN55212-2 (Tocris) were made with DMSO (final dilution is 1/5,000 during experiments). For experiments with SR141716 and WIN55212-2, bovine serum albumin (BSA) (0.5 mg/ml), as a carrier to facilitate drug delivery, was included in the external buffer during the baseline recording and drug application. Whenever SR141716 or WIN55212-2 were used, the recording system was thoroughly cleaned with ethanol followed by BSA and distilled water.
Analysis and statistics
eIPSCs were analyzed using cursor-based measurement in Clampfit 9.0. Traces were averaged using MiniAnalysis Software (Synaptosoft, Decatur, GA). Data are expressed as mean Ϯ SE; statistical significance was determined using one-way ANOVA, unless otherwise indicated. Criterion for significance was P Ͻ 0.05.
R E S U L T S
Postnatal development of depolarization-induced DSI in hippocampal neurons
To determine if DSI magnitude or duration was altered during hippocampal postnatal development, we examined the effect of postsynaptic depolarization on eIPSCs using whole cell recording in CA1 pyramidal neurons at different ages (P7-21). Figure 1A shows that a 4-s depolarizing step results in only a modest suppression of eIPSCs in P7-P9 rat hippocampal neurons, whereas a robust DSI is produced in P15-P21 rats. For P7-P8 rat neurons, DSI magnitude averaged 13 Ϯ 3% decrease relative to baseline eIPSC amplitude, and 46 Ϯ 6 and 60 Ϯ 3% for P15 and P19 -21 rats, respectively. DSI persistence after a depolarizing step was much longer in P19-21 rat than in P15 rat neurons (Fig. 1A) . Overall, we examined DSI in single CA1 pyramidal neurons in rats at a variety of ages as summarized in Fig. 1B . There was no significant difference in DSI magnitude in neurons from P7-P8, P9, P13, and P14 rats (P Ͼ 0.05, ANOVA). A significant increase in the magnitude of DSI was first detected at P15 (P Ͻ 0.05, compared with P7-P8 and P9, ANOVA), and even a greater increase in DSI magnitude was produced by depolarization in more mature rats (P17-18 and P19-21, Fig. 1B ; P Ͻ 0.01, ANOVA relative to P7-8 and P9 groups).
In P8-12 rat neurons, increasing the duration of the depolarizing pulse did not lead to further enhancement of DSI. The eIPSC amplitude was decreased by 17 Ϯ 5% relative to the baseline amplitude by a 4-s depolarizing step and 15 Ϯ 4% for an 8-s step (P Ͻ 0.05, n ϭ 7, paired t-test). Developmental increases in neuronal size may also contribute to the increase in DSI, for example by affecting the density of currents needed for DSI induction. Indeed we observed that neuronal size increased with development as indicated by an increase in whole cell capacitance from 25 Ϯ 1.6 pF for P7-P14 rats (n ϭ 59) to 33 Ϯ 1.7 pF for rats (n ϭ 45) over P14 (P Ͻ 0.01). There was a small but significant change (P Ͻ 0.05) in the eIPSC density (21 Ϯ 1.4 and 25 Ϯ 2.0 pA/pF for P7-14 rats and rats FIG. 1. Developmental changes in depolarization-induced suppression of inhibition (DSI) in hippocampus. A: in CA1 pyramidal neurons, a 4-s depolarizing step resulted in modest suppression of the evoked inhibitory postsynaptic current (eIPSC) at postnatal days 7-8 and 9 but produced a robust suppression at P15 and P19-21. Each inset superimposes the average of 5 consecutive eIPSCs pre-DSI and 3 trials post-DSI. Square step indicates a 4-s depolarization from Ϫ60 to 0 mV. B: DSI magnitude was measured as the mean percentage reduction of 3 consecutive eIPSCs after the depolarizing step. Numbers above each bar indicate the number of cells. * P Ͻ 0.05 compared with P7-8 rats.
over P14, respectively). However, we found that there was no significant relationship between the magnitude of DSI and the pre-DSI eIPSC current density, as shown in Fig. 2B and C. DSI in mature rat neurons can be abolished by SR141716, a CB1 antagonist (Fig. 2D) . Overall, our findings indicate a developmental change in endocannabinoid-mediated DSI in CA1 neurons.
Postsynaptic mechanisms responsible for developmental enhancement of DSI
It is well known that DSI involves both pre-and postsynaptic mechanisms. DSI requires Ca 2ϩ influx in the postsynaptic neuron which is initialized by depolarization (Ohno-Shosaku et al. 2001; . DSI expression is most likely presynaptic, consistent with high levels of G-proteincoupled CB1 receptors expressed on the presynaptic terminals of a subset of GABAergic neurons (Katona et al. 1999; Tsou et al. 1999) . In searching for synaptic mechanisms of this developmental change in CB1 signaling, we first asked whether the developmental increase in DSI results from an increase in presynaptic CB1 receptor actions on GABAergic inhibitory terminals. Alternatively these young animals may lack the subset of GABAergic neurons that express CB1 receptors. We thus examined the effect of WIN55212-2, a synthetic CB1 agonist, on eIPSC amplitude in the youngest and most mature animals used in this study. As shown in Fig. 3B , bath application of WIN55212-2 (1 M) produced a 52 Ϯ 7% reduction in the eIPSC amplitude in P8 rat slices and a 46 Ϯ 6% reduction in mature rat (P17-20). Thus the magnitude of WIN55212-2 inhibition of eIPSC is similar across the range of postnatal ages examined at present (P ϭ 0.51, t-test). WIN55212-2 also increased the ratio of amplitudes of two closely paired eIPSCs (i.e., paired pulse ratio, PPR; Fig. 3A ) by 17 Ϯ 4% (n ϭ 8) and 15 Ϯ 5% (n ϭ 6), respectively, for P8 and P17-20 groups; this generally agrees with a decrease in the probability of GABA release from the axon terminals during CB1-mediated synaptic depression. In addition, a low concentration of WIN55212-2 (50 nM) produced 25 Ϯ 6% reduction in eIPSC amplitude in P8 -P9 rats from control levels of 208 Ϯ 40 pA (P Ͻ 0.05, n ϭ 4). These findings indicate that differences in the level of presynaptic CB1 receptor inhibition or lack of a CB1-expressing subset of interneurons do not contribute to the changes in DSI magnitude during development. FIG. 2. The baseline eIPSC amplitude is not correlated with DSI magnitude. A: bar plot of average amplitude of eIPSCs vs. postnatal age. The eIPSC amplitude was significantly larger in ϾP14 rats than in P7/8 ϳ P13 groups of rat (P Ͻ 0.05, ANOVA). There was no significant difference in eIPSC amplitude among the P7-8 ϳ P13 and P14 ϳ P19-21groups (P Ͼ 0.05, ANOVA). B: plot of prepulse eIPSC density vs. DSI magnitude from 105 cells (P7-P21). The continuous line is a linear regression to all data points. C: a subset of the data plotted in B (P15-P21). -, a linear regression to all data points, indicating a poor relationship between the eIPSC density and the magnitude of DSI even in these more mature rats (ϾP14). D: in the presence of SR141716 (2 M), a 4-s depolarizing step results in little or no suppression of IPSCs (n ϭ 7) in mature rats (P17-P20). Insets: from the same neuron in the absence and presence of SR141716. FIG. 3. Presynaptic modulation by cannabinoid receptor-1 (CB1) receptors does not change during development. A: representative experiments from P8 or P18 rat show that the synthetic CB1 agonist WIN55212-2 elicited a robust suppression of eIPSCs and an increase in the amplitude ratio of 2 closely paired eIPSCs. Traces are average eIPSCs from 20 trials before WIN55212-2 and 10 min after drug application. B: WIN55212-2 produced a 52 Ϯ 7% reduction in eIPSC amplitude in P8 rat and a 46 Ϯ 6% reduction in mature rat (P17-20). There was no significant difference between WIN55212-2 effects in young and mature rats (P ϭ 0.51).
If the development of DSI does not involve changes in presynaptic CB1 receptors, it might involve an increase in endocannabinoid release. Group I mGluRs are mainly located on postsynaptic structures in the CA1 region (Lujan et al. 1997) , and activation of these mGluRs enhances DSI in this brain region (Varma et al. 2001) . We examined whether mGluR agonists could facilitate DSI in neonatal rat. As shown in Fig. 4 , in the same neuron from a P8 rat, a depolarizing step only produces a modest DSI, but results in a robust DSI (40 Ϯ 6% reduction in eIPSC amplitude) in the presence of the mGluR agonist (1S,3R)-ACPD (10 M). We obtained similar results using the mAChR agonist carbachol, which has been demonstrated to postsynaptically enhance DSI via a G-proteindependent mechanism (Kim et al. 2002) . Indeed preincubation with carbachol (2 M) for 4 -8 min markedly enhanced DSI in P8 rat neurons (Fig. 4) . The eIPSC amplitude was decreased by 12 Ϯ 2% relative to baseline values by depolarization before drug application, and this decrease was enhanced to 48 Ϯ 5% in the presence of carbachol. Both ACPD and carbachol effects on DSI were reversible (Fig. 4) . Consistent with agonist effects observed in previous studies (Kim et al. 2002; Varma et al. 2001) , ACPD and carbachol caused 39 Ϯ 3% (P Ͻ 0.01, n ϭ 6) and 24 Ϯ 7% reduction of the eIPSC amplitude (P Ͻ 0.05, n ϭ 5), respectively.
Low-frequency stimulation enhances DSI
The fact that mGluR activation enhances DSI suggests that DSI should also be enhanced following strong activation of glutamatergic synaptic input. Glutamate release and formation of glutamatergic synapses increases during the first postnatal weeks of hippocampal development (Collard et al. 1993; Gasparini et al. 2000; Iwasaki and Takahashi 2001 ). Thus we wondered if release of glutamate leading to mGluR activation could mimic the effect of mGluR activation on DSI in the young hippocampal neurons. Specifically, we hypothesized that activation of glutamatergic afferents might produce a robust enhancement of DSI in neurons at early developmental stages when DSI is weak. We recently found that DSI in P16-P20 rat CA1 neurons can be enhanced by low frequency stimulation (1 Hz for 5 min) of afferents in the s. radiatum at the site used to evoke DSI (Zhu and Lovinger 2007) . We thus examined the effect of this stimulation on DSI evoked using the standard 4-s depolarizing step in neurons from P9-11 rats. As shown in Fig. 5 , DSI magnitude averaged 8 Ϯ 6.8% before the low-frequency stimulation, 38 Ϯ 4.3% just after the stimulation (P Ͻ 0.01, n ϭ 8, paired t-test) and 22 Ϯ 5.4% 8 min after the stimulation. The low-frequency stimulation also produced 27 Ϯ 8% reduction in eIPSC amplitude from the control level of 420 Ϯ 56 pA (P Ͻ 0.01, n ϭ 8). In our previous study, we observed that low-frequency stimulation produces a long- In the presence of ACPD (10 M) for 4 -8 min, depolarization produced a robust suppression (40 Ϯ 6% reduction of baseline eIPSC amplitude; n ϭ 6; bottom). Prepulse trace is the average of the 5 eIPSCs just prior to a 4-s depolarization, and post pulse trace is the average of 3 eIPSCs after depolarization. B: carbachol (carb) enhances DSI in neonatal rat. Similar arrangement as in A, in the presence of carb (2 M) for 4 -8 min, the same depolarizing step leads to a 48 Ϯ 5% reduction relative to baseline eIPSC amplitude (n ϭ 5).
lasting enhancement of DSI in neurons from more mature animals (Zhu and Lovinger 2007) , and the enhancement of DSI appears to be maintained, with only partial recovery in these young animal neurons as well (Fig. 5) . All experiments in this study were performed in the presence of antagonists of ionotropic glutamate receptors (see METHODS) , and thus these receptors do not play a role in the stimulus-enhanced DSI.
Given that DSI can be enhanced by application of an exogenous mGluR agonist, it was logical to determine if the stimulus-induced enhancement of DSI might involve an mGluR. Indeed, in the presence of the mGluR5 antagonist, MPEP (10 M), 5 min of 1-Hz stimulation had no effect on DSI (P Ͼ 0.05, n ϭ 5). In the absence of MPEP, the lowfrequency stimulus protocol reduced the amplitude of eIPSCs, and this effect was also prevented by the mGluR antagonist. eIPSC amplitude was decreased by 29 Ϯ 8% from the prestimulus value of 416 Ϯ 51 pA in control solution but only 16 Ϯ 10% (P Ͼ 0.1) from a prestimulus value 415 Ϯ 84 pA in the presence of MPEP. Furthermore, stimulus-enhanced DSI was abolished by the CB1 antagonist SR141716. After a 10-min incubation of slices with 2 M SR141716, DSI magnitude was 11 Ϯ 5% , and DSI magnitude was 2 Ϯ 3% after 5 min of 1-Hz stimulation (n ϭ 4). SR141716 also abolished the stimulus-induced reduction in eIPSC amplitude. The average amplitude of eIPSCs was 259 Ϯ 60 pA before and 235 Ϯ 67 after 5 min of 1-Hz stimulation in the presence of SR141916. These findings indicate that DSI can be enhanced by sustained glutamatergic transmission leading to activation of a group I mGluR in neonatal hippocampus. This pattern of sustained afferent stimulation also appears to produce an mGluR-dependent, long-lasting decrease in eIPSC amplitude (Zhu and Lovinger 2007) that resembles the iLTD recently described by Chevaleyre and Castillo (2003) .
Ongoing release of endocannabinoids modulates GABAergic transmission at mature synapses
We further asked whether postnatal development of endocannabinoid formation could lead to a tonic ongoing influence on inhibitory transmission in the mature hippocampus. We thus examined the effect of the CB1 antagonist SR141716 on GABAergic transmission in CA1 neurons from rats of different ages. As demonstrated in Fig. 6 , bath application of SR141716 had no significant effect on the baseline eIPSC amplitude in P8 rat (only a 7 Ϯ 22% increase) but increased the baseline eIPSC amplitude by 43 Ϯ 8% (P Ͻ 0.05, n ϭ 9) in the mature rat (P16 -P20). There was a significant difference (P Ͻ 0.01, t-test) in PPR between P8 and more mature rats (P16-20), and PPR averaged 0.82 Ϯ 0.03 for P8 rat (n ϭ 15) and 0.65 Ϯ 0.06 for P16-20 rats (n ϭ 12). SR141716 decreased the PPR by 14 Ϯ 3% in mature rat (n ϭ 6, P Ͻ 0.02, paired-t-test), but only 4 Ϯ 7% in P8 rat (n ϭ 7). This finding is consistent with an increase in the probability of GABA release from the axon terminals after the blockade of CB1 receptors in mature hippocampus. Thus endogenous cannabinoids appear to produce a tonic modulation of GABAergic transmission in the mature rat hippocampus but not in the hippocampus of the neonatal rat.
D I S C U S S I O N
In the present study, we have described the postnatal development of DSI in rat hippocampus. Our findings suggest that postsynaptic mechanisms are responsible for developmental changes in DSI. This is evidenced by the fact that DSI in early neonatal rats can be enhanced by activation of postsynaptic mGluR or mAChR receptors by enhancing endocannabinoid production. Furthermore, DSI can be strongly enhanced by sustained glutamatergic transmission in neonatal rat neurons. In contrast, we did not observe any developmental difference in inhibition produced by explicit CB1 activation in agreement with previous observations indicating a similar level of CB1 receptor expression during early postnatal and adult life in rat hippocampus (Morozov and Freund 2003) . Also the postnatal development of DSI does not result from differences in the basal strength of inhibitory synaptic transmission at the different ages because DSI magnitude was not correlated with eIPSC current density. The bulk of evidence we have collected to date indicates that postsynaptic endocannabinoid production is enhanced with development and that this is the major mechanism underlying the postnatal increase in the ease of DSI induction.
Although the postnatal development of DSI is probably postsynaptic in origin, it may arise from changes in presynaptic glutamatergic input. DSI was enhanced by either mGluR activation or 1-Hz stimulation, and these treatments also reduced baseline eIPSC amplitude (which further supports the notion that DSI magnitude is not correlated with eIPSC amplitude). The blockade of group I mGluR receptors with MPEP (10 M) abolished the stimulus-induced enhancement of DSI (Figs. 4  and 6 ). Thus activation of mGluRs by increased presynaptic release of glutamate enhances DSI in neonatal rats. In the early development of rat hippocampus, glutamatergic synaptic activity is low, and GABAergic transmission plays an excitatory role (Leinekugel et al. 1999) . It is attractive to think that a low level of glutamate release early in development (Collard et al. 1993; Gasparini et al. 2000) is responsible for moderate DSI in neonatal rats. However, we cannot exclude the possibility that postnatal increases in mGluRs could account for developmental increases in DSI (Defagot et al. 2002) .
Our findings, together with previous studies, indicate important roles for the activation of mGluRs in the enhancement of DSI in both immature and mature rat hippocampus (OhnoShosaku et al. 2002; Varma et al. 2001) . However, DSI produced by postsynaptic depolarization alone is not dependent on mGluR activation in the mature animal (Ohno-Shosaku et al. 2002; Varma et al. 2001) . We hypothesize that activation of metabotropic receptors is a necessary step for DSI early in development. This is likely due to the fact that endocannabinoid production is low during the early neonatal period, and thus a stimulus external to the postsynaptic neuron may be needed to enhance production at these time points. At later developmental time points, DSI is independent of mGluRs although still able to be enhanced by these receptors, most likely due to upregulation of the endocannabinoid production system. It is possible that mGluR activation is an important step in the transition from metabotropic receptor-dependent to metabotropic receptor-independent DSI, but this hypothesis has not yet been tested.
The observation that CB1 antagonism increases eIPSC amplitude in mature but not younger hippocampus is consistent with the idea that increased production and ongoing release of endocannabinoids occurs during postnatal development. Endocannabinoid release is generally thought to occur "on demand" (Stella and Piomelli 2001) . Neuronal firing and a low level of ongoing glutamate release (Dumas and Foster 1995; Fuenzailida et al. 2009; Wasling et al. 2004 ) could contribute to the tonic endocannabinoid signaling in the present study. Several studies have indicated that ongoing endocannabinoid release occurs in brain slice preparations (Hentges et al. 2005; Yanovsky et al. 2003) . Moreover, a recent study showing tonic endocannabinoid depression of GABA release at these synapses suggests that this modulation results from ongoing postsynaptic endocannabinoid production rather than inverse agonist drug effects (Neu et al. 2007 ). It should be noted that evidence of tonic endocannabinoid signaling has not always been observed in the hippocampal CA1 region (e.g., . We do not know of any differences between our study and these other reports that could explain this discrepancy. However, not all hippocampal inhibitory synapses express CB1 receptors, and thus the ability to detect tonic endocannabinoid signaling may depend on what proportion of the sampled synapses are CB1 receptor-expressing. There are no data yet available that indicate if tonic regulation of GABAergic transmission occurs in vivo, and thus we do not know if the tonic effect only occurs in the slice preparation. Further investigation is needed to determine the significance of such ongoing endocannabinoid release.
The significance of endocannabinoid signaling in brain function is potentially far-reaching. Decreased GABAergic inhibition can enhance long-term potentiation (LTP) of glutamatergic transmission (Wigstrom and Gustafsson 1985) , and a DSIinducing protocol can facilitate the induction of LTP in the hippocampus (Carlson et al. 2002) . One prominent physiological role for DSI may be to facilitate learning and memory involving the CA1 subregion of the hippocampus, as well as enhancing long-lasting changes in synaptic efficacy associated with these forms of learning and memory. In this regard, it is worth pointing out that the sustained low-frequency stimulation that enhances DSI is known to induce N-methyl-D-aspartate receptor-dependent LTD at excitatory Schaffer collateral/ commissural synapses onto CA1 pyramidal neurons. It is also interesting to note the correspondence between the present findings and past studies examining postnatal development of LTP. In brain slices from the CA1 region of hippocampus, a robust LTP is observed only in rats Ͼ2 wk old (Bolshakov and Siegelbaum 1994; Harris and Teyler 1984) , which is coincident with a robust onset of DSI at this developmental time point. However, it is clear that LTP of smaller magnitude can be induced at earlier time points (Kramar and Lynch 2003) . Thus developmental changes in DSI may represent a key step in the developmental progress of mechanisms involved in hippocampal-based learning and memory. Exogenous cannabinoids, like those contained in marijuana, might disturb learning and impair memory by disrupting normal feedback of information in the hippocampus especially during early development. 
